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a b s t r a c t

The theory of effective stress suggests that the breakdown pressure of a borehole should be a function of
ambient stress and strength of the rock, alone. However, experiments on finite-length boreholes indicate
that the breakdown pressure is a strong function of fracturing fluid composition and state as well. The
reasons for this behavior are explored, including the roles of different fluid types and state in controlling
the breakdown process. The interfacial tension of the fracturing fluid is shown to control whether fluid
invades pore space at the borehole wall and this in turn changes the local stress regime, hence
breakdown pressure. Interfacial tension is modulated by fluid state, as sub- or super-critical, and thus gas
type and state influence the breakdown pressure. Expressions are developed for the breakdown pressure
in circular section boreholes of both infinite and finite length and applied to rationalize otherwise
enigmatic experimental observations. Importantly, the analysis accommodates the influence of fluid
infiltration or exclusion into the borehole wall. For the development of a radial hydraulic fracture
(longitudinal failure), the solutions show a higher breakdown pressure for impermeable relative to a
permeable borehole. A similar difference in breakdown pressure exists for failure on a transverse
fracture that is perpendicular to the borehole axis, in this case modulated by a parameter η, which is a
function of Poisson ratio and the Biot coefficient. These solutions are used to rationalize observations for
mixed-mode fractures that develop in laboratory experiments containing finite-length boreholes.
Predictions agree with the breakdown pressure records recovered for experiments for pressurization
by CO2 and Ar – higher interfacial tension for subcritical fluids requires higher critical pressures to
invade into the matrix, while supercritical fluid with negligible interfacial tension has less resistance to
infiltrate into the matrix and to prompt failure. This new discovery defines mechanisms of failure that
although incompletely understood, provisionally link lower breakdown stresses with mechanisms that
promote fracture complexity with the potential for improved hydrocarbon recovery.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

The breakdown pressure is the critical pressure where failure
occurs during borehole pressurization. Numerous attempts have
been made to forecast the magnitude of breakdown pressure
by analytical, semi-analytical and numerical approaches (Kutter,
1970; Newman, 1971; Tweed and Rooke, 1973).

Initial attempts focused on an analytical formula to predict the
breakdown pressure in impermeable rocks (Hubbert and Willis,
1957). Subsequent analyses extended this formula for fluid pres-
surization in permeable rocks (Haimson and Fairhurst, 1967). In

this solution, thermoelastic stressing was used as an analog to
represent fluid pressurization (Timoshenko and Goodier, 1951).
The results from these two approaches and for these two condi-
tions – impermeable versus permeable borehole walls – show two
different bounding values: the breakdown pressure in permeable
rock is always lower than that in impermeable rock.

This approach provides a pathway to explore pressurization
rate effect on the breakdown process. Experimental approaches
have shown that at higher pressurization rates, the breakdown
pressure is also elevated (Zoback et al., 1977; Solberg et al., 1980;
Zeng and Roegiers, 2002; Wu et al., 2008). This observation may
be explained as the influence of a pressure diffusion mechanism
(Detournay and Cheng, 1992; Garagash and Detournay, 1996), that
requires a critical diffusive pressure to envelop a critical flaw
length in the borehole wall.
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All these approaches rely on Terzaghi's theory of effective stress
(Biot, 1941), which predicts that failure will occur when the
effective stress is equal to the tensile strength. Furthermore, this
suggests that breakdown pressures should be invariant of fluid
type (composition) or state (gas or liquid) since failure is mediated
by effective stress, alone. However recent results (Alpern et al.,
2012; Gan et al., 2013) suggest that fluid composition and/or state
may influence breakdown pressure in an important manner. The
flowchart in Fig. 1 shows the methodology and workflow involved
in this work. The blue dashed rectangle identifies the state of the
fluid and its influence on the breakdown pressure. In this work, we
develop an approach to explain the role of fluid composition or
state on breakdown pressure based on prior observations of
permeable versus impermeable borehole walls. In this approach,
the physical characteristics of the borehole remain the same for all
fluid compositions, but the feasibility of the fluid either invading
the borehole wall or being excluded from it changes with fluid
state (subcritical or supercritical). An approach is developed based
on Biot effective stress, to define breakdown pressure for super-
critical/subcritical gas fracturing. The critical entry-pore pressure
is governed by fluid interfacial tension (Berry et al., 1971; Escobedo
and Mansoori, 1996; Bennion, 2006), and the subcritical fluid
breakdown pressure is shown to scale with the critical fluid

invasion pressure. Breakdown pressures scaled in this manner
agree with experimental observations.

2. Experimental observations

Fracturing experiments are reported on homogeneous cubes of
polymethyl methacrylate (PMMA; Alpern et al., 2012). Fig. 2a depicts
the configuration of specimens used in the experiments. The
pressurized fracturing fluid is injected through a drilled channel,
which is analogous to the borehole. The induced hydraulic fractures
are embedded in cubes 101 mm (4 in.) and 121 mm (5 in.) on side.
The borehole diameter is 3.66 mm, and the cubes are stressed under
biaxial conditions σ2 in the horizontal direction and σ1 in the vertical
direction. During the experiment, the stress state is σ2 ¼ σ1, and
σ3 ¼ 0 in the borehole-parallel direction. Fig. 2b shows the biaxial
testing apparatus used in the experiment. Pore pressure is elevated
with fluid injected under constant rate. Fracture occurs when the
local borehole stresses exceeded the tensile strength of the PMMA,
which is �70 MPa. Fig. 2c and d shows the resulting fractures, both
in the longitudinal mode and in transverse mode, respectively.

Six different fracturing fluids are injected in separate experiments
and the borehole is pressurized to failure. The fluids used are helium
(He), nitrogen (N2), carbon dioxide (CO2), argon (Ar), sulfur hexa-
fluoride (SF6), and water (H2O). Fig. 3 illustrates the states of injected
fluids based on the experimental data. In the experiments, nitrogen,
helium and argon are supercritical at fracture breakdown, while
sulfur hexafluoride, CO2 and water are subcritical. The CO2 experi-
ments return the largest breakdown pressure of 70 MPa, while
helium, nitrogen and argon fail at less than 33MPa (Fig. 4). The
tensile strength of PMMA is �70 MPa.

The following observations are apparent from the experimental
results:

1. The maximum breakdown pressure is obtained for CO2 and is
approximately equal to the tensile strength of the PMMA
(�70 MPa).

2. The breakdown pressure for helium and nitrogen is approxi-
mately half of this tensile strength.

From these observations, we hypothesize that (1) the factor-of-
two differential in the breakdown stresses results from infiltration
versus exclusion of fluids from the borehole wall and (2) the
different behaviors of infiltration versus exclusion result from the
state of the fluid, super-critical versus sub-critical.

This hypothesis is explored by first identifying the difference in
breakdown pressure for infiltrating versus non-infiltrating fluids
and is then related to the propensity for infiltration via quantifica-
tion of entry pressures in the borehole wall.

Nomenclature

α Biot coefficient, dimensionless
υ Poisson ratio, dimensionless
pw fluid pressure, MPa
E Young's modulus, MPa
σT rock tensile strength, MPa
σθθ tangential stress around wellbore, MPa
σrr radial stress, MPa
σzz longitudinal stress, MPa
k permeability, m2

μ fluid viscosity, Pa s
ρf fluid density, kg/m3

KS grain bulk modulus, MPa
K solid bulk modulus, MPa
Kf fluid bulk modulus, MPa
r wellbore radius, m
Pc critical invasion pressure, MPa
n porosity, dimensionless
Pb breakdown pressure, MPa
u displacement from solid deformation, m

Fig. 1. Workflow initiating from the injection of fluids in PMMA. The final
conclusions are highlighted in the blue rectangle. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)
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3. Analytical solutions

Consider a finite radius rw borehole in an elastic domain
(external radius re) under internal fluid pressurepw, with the

domain confined under applied stresses σ11 and σ22. Breakdown
pressure may be defined for fracture both longitudinal to the
borehole and transverse to it and for conditions where fluid
infiltration is either excluded or allowed, as follows.

Fig. 2. (a) Schematic of PMMA specimen used in the experiment. The drilled borehole is located in the center of sample and terminates in the center of the cube. (b) Biaxial
loading frame. Beryllium–copper load cells measure the applied force. PMMA cube is centered between the rams and attached to a pore pressure line with access through the
front face of the cube. (c) Resulting longitudinal fracture in the PMMA sample parallel to the borehole direction. (d) Induced transverse fracture perpendicular to the drilled
borehole in the PMMA sample.

Fig. 3. Injected fracturing fluid state and properties under experiment condition.
The fluid states are divided into subcritical state (left) and supercritical (right).

Fig. 4. Experiment results of fracture breakdown pressure under various injected
fracturing fluids under the same experiment conditions (Alpern et al., 2012).
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3.1. Fracture along borehole (longitudinal fracture)

For the longitudinal hydraulic fracture, breakdown occurs
when the effective tangential stress is equal to the tensile strength.
When the matrix is impermeable, there is no poroelastic effect and
the solution is the Hubbert–Willis (H–W) (Hubbert and Willis,
1957) solution:

pw ¼ �3σ22þσ11þσT ð1Þ

where σ11 is the minimum principal stress, σ22 is the maximum
principal stress, σT is the rock tensile strength, and pw is required
breakdown fluid pressure.

When the porous medium is permeable, the Biot coefficient α
reflects the poroelastic effect. It shows the strongest poroelastic
effect when α¼ 1. The tangential total stress Sθθ is defined
relative to the effective tangential stress σθθ and Biot coefficient
α, as

Sθθ ¼ σθθ�αpw: ð2Þ

The total stresses at the wellbore boundary are obtained by
superposition of the stress fields from the Haimson–Fairhurst (H–

F) solution (Haimson and Fairhurst, 1967) due to the total stresses
σ11 andσ22, fluid pressurepw, and Poisson ratio υ as

Sθθ ¼ 3σ22�σ11�p0þpw�αpw
1�2υ
1�υ

: ð3Þ

The effective tangential stress at the wellbore rw is

σT ¼ σθθ ¼ 3σ22�σ11�p0þpwþ υ
1�υ

αpw: ð4Þ

Correspondingly, the breakdown pressure is

pw ¼ �3σ22þσ11þp0þσT

1þη
: ð5Þ

where η¼ υ
1�υα:

This gives the appropriate breakdown pressures for cases
where fluid is either excluded from the borehole wall (imperme-
able, Eq. (1), H–W) or allowed entry into the wall (permeable,
Eq. (5), H–F).

3.2. Fracture across borehole (transverse fracture)

Where the fracture is transverse to the borehole then break-
down occurs when the longitudinal stress exceeds the tensile
strength. The longitudinal stress σzz may be determined from the
radial and tangential stresses. For the impermeable case, pressur-
ization of the borehole wall results in equal increments and
decrements of the radial and tangential stresses, respectively. This
results in no net change in longitudinal stress.

However, for the condition of fluid infiltration, the longitudinal
stress change is finite. The radial stress is defined as

σrr ¼ �ð1�αÞpw: ð6Þ

The stress–strain relationship is defined from Hooke's law as

εzz ¼
1
E
σzz�υ σrrþσθθ

� �� �
: ð7Þ

Since the longitudinal strain εzz is zero, the longitudinal stress
is

σT ¼ σzz ¼ υðσrrþσθθÞ ¼ ν ð3σ22�σ11�p0Þþpwþ υ
1�υ

αpw�ð1�αÞpw
h i

:

which may be transformed to give

σzz ¼ υð3σ22�σ11�p0Þþ
υ

1�υ
αpw: ð8Þ

Therefore, the breakdown pressure in terms of longitudinal
stress is equal to

pw ¼ �υð3σ22�σ11þp0ÞþσT

η
: ð9Þ

Comparing Eqs. (5) and (9) illustrates that the breakdown
pressure pw for a longitudinal fracture is smaller than that for
the transverse fracture. Therefore, fracture will always occur in the
longitudinal direction before it can occur in the transverse direc-
tion, since ð1=ð1þηÞÞðLongitudinalÞoð1=ηÞðtransverseÞ This is the
case for a borehole of infinite length but not necessarily for the
finite-length boreholes examined in the experiments of this work.

4. Numerical model

The above expressions define the breakdown pressures for
boreholes in infinite media. However the laboratory experiments
are for blind and finite boreholes in cubic specimens. Therefore a
finite element model is used to simulate the coupled process of
fluid–solid interaction in geometries similar to the experiments.
First, 2-D problems are explored to validate the model and then
3-D geometries are used to replicate the experiments and then to
interpret the experimental observations.

4.1. 2-D model (plane strain)

A 2-D poro-mechanical model is used to represent the behavior
with a central borehole within a square contour. The governing
equations and boundary conditions are as follows.

4.1.1. Governing equation
Two governing equations represent separately the fluid flow

and solid deformation processes. A Darcy flow model is applied to
represent fluid flow with the Biot–Willis coefficient defined as

α¼ 1� K
KS

: ð10Þ

where KS and K are identified as the grain and solid bulk modulus,
respectively.

The flow equation is

Sα
∂p
∂t

þ∇d � k
μ
∇p

� �
¼ �Qs: ð11Þ

where p is the fluid pressure (Pa), k is the permeability (m2),
μ is the fluid viscosity (Pa s) and Sα is the skeletal component
of specific storage (Leake and Hsieh, 1997) (Sa ¼ ð1=ρgÞ
ðððα�nÞ=KSÞþðn=Kf ÞÞ where n is the porosity, ρf is the fluid density,
g is the gravitational acceleration, KS is the solid bulk modulus, and Kf

is the fluid bulk modulus), and Qs defines the time rate of change of
volumetric strain from the equation for solid displacements,

Qs ¼ αðdðux; tÞþdðvy; tÞÞ: ð12Þ
where the volume fraction of liquid changes with deformations ux

and vy.
The solid deformation equation is

E
2ð1þυÞ∇

2uþ E
2ð1þυÞð1�2υÞ∇dð∇uÞ ¼ α∇p:

where E is Young's modulus, u is the displacement vector com-
posed of orthogonal displacements u and v (m). The right hand
side term α∇p represents the fluid-to-structure coupling term in
terms of the gradient of pressure, ∇p. Recalling the previous
analytical solutions for the required breakdown pressure, the
breakdown pressure for the longitudinal fracture during injection is
pw ¼ ðð�3σ22þσ11þp0þσT Þ=1þηÞ, and the breakdown pressure
for the transverse fracture is pw ¼ ðð�υð3σ22�σ11þp0ÞþσT Þ=ηÞ.
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The final combined constitutive equations are obtained as
below:

Sα
∂pw
∂t

þ∇d � k
μ
∇pw

� �
¼ � αðdðux; tÞþdðvy; tÞÞ

� �
E

2ð1þυÞ∇
2uþ E

2ð1þυÞð1�2υÞ∇dð∇uÞ ¼ α∇pw:

4.1.2. Boundary conditions
The 2-D plane strain model geometry comprises a slice-cut

across a section (see Fig. 5). The left and basal boundaries A and B
are set as roller condition with zero normal displacement (see
Table 1). The interior circular boundary represents the borehole
where fluid pressure pw is applied uniformly around the contour.
Table 2 shows the model input data. There is no confining stress
applied to the outer boundary.

4.2. 2-D fracture breakdown pressure results

The 2-D simulation results are used to validate the model for
the two forms of fractures – longitudinal versus transverse –

evaluated previously. The likelihood of either failure model is
controlled by either the tangential effective stress (longitudinal
failure) or the longitudinal effective stress (transverse failure).

4.2.1. Validation for 2-D longitudinal fracture
Failure occurs when the tangential effective stresses reach the

tensile strength at a critical location. The blue curve in Fig. 6 reflects
the tangential effective stress calculated from the analytical solution
(Eq. (4)). The analytical results give satisfactory agreement with the
simulation results as shown by the red points. The curve shows that
for a stronger poroelastic effect (increasing α), the tangential effective
stress increases under the same fluid pressure.

Fig. 7 shows the effect of Poisson ratio on breakdown pressure,
where the Poisson ratio ranges from 0.1 to 0.5. For constant Biot
coefficient, a lower Poisson ratio will elevate the required breakdown

pressure. The H–W equation for the impermeable case provides an
upper bound for the stress scaling parameter of 1=ð1þηÞ as unity. For
a Poisson ratio equivalent to that of PMMA (υ¼ 0:36), the simulation
results define a breakdown pressure for the strongest poroelastic
condition (α¼ 1) as 0.65 times that for impermeable case.

4.2.2. Validation for 2-D transverse fracture
Fig. 8 shows the prediction of longitudinal effective stress

under the constant fluid pressure of 10 MPa, and where the Biot
coefficient varies from 0.2 to 1 for PMMA. The longitudinal stress
from the simulation mimics the predictions from the analytical
Eq. (8). This stress also grows with an increasing Biot coefficient.

Fig. 5. 2-D Model geometry (left) created in simulations, and applied hydraulic and displacement boundary conditions and initial conditions (right).

Table 1
Hydraulic boundary and stress/displacement boundary applied in the COMSOL
simulations.

Boundary Stress boundary Hydraulic boundary

A, B un ¼ 0 nUK∇H¼ 0
C, D Free nUK∇H¼ 0
E Free H¼H0

Table 2
PMMA properties used in the simulation.

Parameters Value

Tensile strength, MPa 70
Fluid pressure, MPa 10
Poison ratio 0.36
Young's modulus, Pa 3.0e9
Biot coefficient 0–1
Solid compressibility, 1/Pa 8e–11

Fig. 6. Validation of 2-D tangential effective stress around borehole with various
Biot coefficient factors (0.3–1). (For interpretation of the references to colour in this
figure, the reader is referred to the web version of this article.)
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The maximum longitudinal stress is lower than 6 MPa, which is
half of the applied fluid pressure. The longitudinal stress is always
lower than the tangential stress.

The proportionality of the longitudinal effective stress to the
Biot coefficient for a transverse fracture is shown in Fig. 9 (see
Fig. 7). This proportionality coefficient corresponds to the denomi-
nator in Eq. (9) as 1=η. The magnitudes of this coefficient are
unbounded as the Biot coefficient approaches zero, signifying zero
poroelastic effect and an infinitely large pressure required for
failure. Although longitudinal fracturing is the preferred failure
mode for infinite boreholes, for finite boreholes transverse fractur-
ing may be a significant mode.

4.3. Breakdown pressure for finite 3-D geometries

The failure conditions for a finite length borehole are now
explored. The stress accumulation at the end of the borehole will
be a combination of the modes represented in the longitudinal and
transverse failure modes. The experimental configuration is for a
finite-length end-capped borehole that terminates in the center of the
block. We represent this geometry (see Fig. 10) with the plane with
red set as roller boundaries (zero normal displacement condition).

For the finite borehole condition, the induced stresses may be
shown to be a combination of the applied confining stress and

fluid pressure. The exact functional dependence may be obtained
by the superposition of the confining stress field and the influence
of fluid pressure in a simplified model.

Assuming the wellbore radius is equal to a, the radial and hoop
stresses for a unidirectional confining stress σ11 are derived as
below in polar coordinates (Jaeger and Cook, 1979):

σrrþσθθ ¼ σ11Re 1�Ar�2e�2iθ
n o

¼ σ11 1�Ar�2 cos 2θ
� �

σθθ�σrrþ2iσrθ ¼ σ11 Br�2�e2iθþðAr�2þ3Cr�4Þe2iθ
h i

Then the top equation gives

σθθ�σrr ¼ σ11 Br�2�ð1�Ar�2�3Cr�4Þ cos 2θ
� �

σrθ ¼ �1
2
σ11 ð1þAr�2þ3Cr�4Þ sin 2θ

� �

Since the borehole boundary at r¼a is traction-free, the stress
σrr and σrθ must vanish at r¼a; therefore, we can solve the
equation to get the coefficients A, B, C to obtain the final expres-
sions for the σrr and σθθ .

σrr ¼ σ11

2
1�a2

r2

� 	
þσ11

2
cos 2θ 1�a2

r2

� 	
1�3

a2

r2

� 	

σθθ ¼
σ11

2
1þa2

r2

� 	
�σ11

2
cos 2θ 1þ3

a2

r2

� 	

At the borehole wall r¼ a, the maximum and minimum
stresses are at azimuths of θ¼ 01 and θ¼ 901, where tangential
stresses around the borehole are 3σ11 and �σ11, respectively. If a
uniform confining stress is applied by adding a second confining
stress (σ11�σ22), then the longitudinal and hoop stresses are

σz ¼ υð2σ11þ0Þ
σθ ¼ 2σ11

If the borehole is now pressurized by fluid, then the additional
stresses are

σz ¼ υðpwþð�pwÞÞ
σθ ¼ �pw

Adding these two modes of solid stress and fluid pressure give
the resulting longitudinal effective stress,

σz ¼ 2υσ11þpw U0:

where the borehole end is capped (see Fig. 11), the longitudinal
stress induced by internal fluid pressure will be augmented due to
the effect of fluid pressures acting on the ends of the borehole. This

Fig. 7. Evolution of longitudinal fracture breakdown pressure coefficient with
different Biot coefficients under various Poisson ratio (0–0.5) in permeable rocks.

Fig. 8. Validation of 2-D longitudinal stress under different Biot coefficient factors (0.2–1).

Fig. 9. Evolution of 2-D transverse fracture breakdown pressure coefficient under
different Biot coefficient factors with Poisson's ratio ranging from 0.1 to 0.5
(longitudinal stress).
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equation for longitudinal stress is extended for the general case of a
finite borehole by introducing the stress concentration factors B and
C to calculate the maximum longitudinal stress in mixed plane
strain–plane stress conditions for the actual geometry as

σz max ¼ �2υBσcþCpw ð13Þ
where B and C are coefficients recovered from the numerical
modeling. The longitudinal effective stress is calculated at the end
of borehole where fluid pressure is applied to obtain the long-
itudinal stress concentration factor (see Fig. 11). If confining stress is
applied alone (without internal fluid pressure), then the geometric
scaling coefficient for our particular geometry and for the max-
imum tensile tangential stress is B¼1.32.

Fig. 11 shows the spatial distribution of the ratio σz=pw in the
domain. The maximum value represents the coefficient C in
Eq. (13). Based on the above results:Cpermeable ¼ 2:756 and
Cimpermeable ¼ 1:328. Assuming the tensile strength is 70 MPa, then
breakdown pressure under experimental conditions is given as

3D� impermeable scenario pw ¼ 0:715σcþ52:7: ð14Þ

3D� permeable scenario pw ¼ 0:344σcþ25:4: ð15Þ
Eqs. (14) and (15) indicate that the impermeable breakdown

pressure is still approximately twice as large as that for the permeable
case, which is congruent with experimental observations.

5. Breakdown pressure hypothesis

From the preceding analyses, congruent with two broad sets of
experimental data, breakdown pressure is reduced by half where fluid
infiltration can occur into the borehole wall. The numerical experi-
ments are employed to demonstrate the effect of fluid infiltration or
exclusion into the borehole wall and its corresponding influence on
breakdown pressure magnitude. A hypothesis consistent with these
observations is that fluid interfacial tension controls whether fluid
invades the pore space at the borehole wall and this in turn changes
the local stress regime, hence breakdown pressure. Interfacial tension
is modulated by fluid state, as sub- or super-critical, and thus gas type
and state would be expected to influence the breakdown pressure.

A mixture of supercritical fluids is by definition miscible and will
not be excluded from the pore space in the borehole wall by capillarity.
Correspondingly, the breakdown pressure for a supercritical fluid
should correspond to the permeable solution, whereas the response
of a subcritical fluid should correspond to that of the impermeable
solution. Eqs. (14) and (15) are the breakdown solutions for the
experimental geometry in Fig. 8 that is only approximated by infinite
length boreholes and the analytical solutions of Eqs. (5) and (9). In
order to apply Eqs. (14) and (15) to explore this hypothesis, the first

important step is to identify the state of the injected fluids. The
distribution of fluid states at failure is defined by the experimental
fracture breakdown pressures and corresponding transition pressures
to supercriticality, as shown in Fig. 3. For the particular experimental
conditions: nitrogen, helium and argon are all supercritical, while
carbon dioxide, sulfur hexafluoride, and water are subcritical.

The concept of invasion pressure is invoked to represent the
response in the borehole wall. If the fluid pressure in the borehole
exceeds the critical invasion pressure Pc then the fluids will
penetrate the borehole wall and the hoop stress around the
wellbore will be correspondingly elevated. We define the critical
invasion pressure as the minimum pressure required to force
subcritical fluid into the pore space through the pore throat. This
may be defined based on scaling arguments as a function of
permeability, porosity and interfacial tension as in the Leveret

Fig. 10. 3-D model geometry with boundary condition (left), and mesh with finite borehole length condition (right). (For interpretation of the references to colour in this
figure, the reader is referred to the web version of this article.)

Fig. 11. Spatial distribution of longitudinal stress over fluid pressure for Biot
coefficient equal to 0.9 (top) and 0 (down).
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function (J). This function is defined as

J ¼ Pc

σ

ffiffiffi
k
n

r
: ð16Þ

where σ is the fluid interfacial tension, k is the permeability, Pc is
the critical invasion pressure and n is the porosity. For supercritical
fluids, interfacial tension is small and invasion of the borehole wall
occurs at pressure Pc and results in a lowered breakdown pressure
(relative to where the fluid is excluded). Thus, the critical invasion
pressure Pc for a supercritical fluid is always smaller than the
invasion pressure for the subcritical fluid.

Fig. 12 illustrates the relationship between critical invasion
pressure and breakdown pressure for supercritical/subcritical
fluids. Impermeable and permeable breakdown pressure solutions
give two bounded values. There are three scenarios depending on
the critical invasion pressure magnitude:

1. When the invasion pressure is lower than the breakdown
pressure for the permeable solution, then both supercritical
and subcritical fluids have the same breakdown pressure
magnitude (see Fig. 12 left).

2. When the invasion pressure is intermediate between the break-
down pressure for permeable and impermeable solutions, then the
subcritical fluid invades and failure occurs at the critical pressure.
In this case, supercritical fluids would result in failure at a pressure
lower than the invasion pressure (see Fig. 12 center).

3. When the invasion pressure is larger than the breakdown
pressure for both permeable and impermeable solutions, then
the supercritical fluid causes failure at a lower pressure than for
the subcritical fluid (see Fig. 12 right).

Considering that for invasion in any given material of defined
permeability and porosity, the ratio of invasion pressure to inter-
facial tension should be constant as

ζ ¼ Pb

σ
¼ MPa
mN=m

¼ 106 N=m2

10�3 N=m
¼ 109

m
: ð17Þ

Then Fig. 13 shows this ratio of breakdown pressure (rather than
invasion pressure) to interfacial tension. This is evaluated from the
magnitudes of interfacial tension in Table 3. The value ς is approxi-
mately constant for the subcritical fluids, where breakdown is
modulated by this invasion parameter. Not only are these breakdown
pressures constant but they are also of the expected magnitude of
Eq. (17). For the supercritical fluids, there is no relationship for this
parameter Pc=σ, suggesting that this behavior is independent of
capillary entry pressures – as suggested by the hypothesis. This
indicates that the interfacial tension for the subcritical fluid is large
enough to govern the breakdown process, while the low interfacial
tension of the supercritical fluid has no effect in controlling the
breakdown process. For the case of argon where the fluid properties

are supercritical the relation of Eq. (15) is used to define response
against the available experimental data of Table 4. Fig. 14 shows the
match of the experimental results for Argon with the analytical data
showing excellent agreement with the permeable solution. Table 5
summarizes the equations required to calculate fracture breakdown
pressure under the conditions corresponding to impermeable/perme-
able media and resulting in longitudinal/transverse fractures.

6. Conclusions

Expressions are developed based on Biot effective stress theory to
predict breakdown pressure for longitudinal and transverse fracture
on finite length boreholes. These relationships are used to explore the
physical dependencies of fracture breakdown pressures and show that
an approximate factor of two exists in the breakdown stress where
fluids either invade or are excluded from the borehole wall. These
relationships are extended for finite length boreholes to replicate
conditions for fracturing experiments in finite-volume samples. These
solutions are then used to explain observations of variable breakdown
stresses in experiments where all conditions are maintained constant
except the composition and state of the fracturing fluids.

The difference in failure response is matched to the state of the
fluid – supercritical versus subcritical. Observations suggest that
fluid state controls interfacial properties and thereby governs fluid
invasion into the matrix and the following breakdown process. The
negligible interfacial tension in supercritical fluids allow easy
invasion into the matrix, while the subcritical fluid with larger
interfacial tension requires a higher pressure to invade and cause

Fig. 12. Summaries of critical pressure vs. breakdown pressure under different invasion pressure Pc values.

Fig. 13. Distribution of ratio about invasion pressure to the interfacial tension
under different fracturing fluids.
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subsequent breakdown of the borehole. For samples of equivalent
permeability and porosity, the ratio of breakdown pressure to
interfacial tension is constant for subcritical fluids – identifying the

controlling influence on capillary behavior. Where fluids are super-
critical, no similar relationship exists. To the contrary, where the fluid
is supercritical, the breakdown pressures are uniformly those pre-
dicted where infiltration occurs into the borehole wall – approxi-
mately half of the tensile strength of the sample (Fig. 3). These
ensemble observations suggest the controlling influence of interfacial
tension on breakdown pressure – at least at laboratory scale.
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Table 3
Comparison of supercritical/subcritical fluid inter-
facial tension (Berry et al., 1971).

Injected fluid Interfacial tension
(mN/m)

Supercritical fluids
N2 7
He 0.37
Ar 2–13

Non-supercritical fluids
SF6 40–50
CO2 72–40
H20 70–50

Table 4
Breakdown pressure results in hydro-fracture
experiment of Argon (Ar) injection under different
confining stress from 5 MPa to 60 MPa.

Confining stress Breakdown pressure
(MPa) (MPa)

5 29.85
5 30
5 30.5

30 39.68
40 44.44
50 46.84
60 51.6

Fig. 14. Validations of 3-D permeable and impermeable breakdown pressure,
analytical solutions with experiment data.

Table 5
Summary of expressions for breakdown pressure in different cases: (i) permeable/
impermeable medium, (ii) fracture geometry, longitudinal/transverse.

Case no. Condition Expression

1 Impermeable medium pw ¼ 0:715σcþ52:7
2 Permeable medium pw ¼ 0:344σcþ25:4
3 Longitudinal fracture pw ¼ �3σ22 þσ11 þp0 þ σT

1þ η

4 Transverse fracture pw ¼ � υð3σ22 � σ11 þp0 Þþ σT
η
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